There is diverse opinion about the mechanism of bone mineralization with only intermittent reports of any direct organellar role played by the golgi apparatus (juxtanuclear body). Light and laser confocal microscopy was combined with electron microscopy and elemental EDX (energy dispersive X-ray microanalysis) in comparing "young" osteocytes in situ in fresh and "slam" frozen developing mouse calvarium, with similar cells (MC3T3-E1) maintained in vitro. The distribution of "nascent" electron dense mineral was examined histochemically (von Kossa, GBHA), including tetracycline (TC) staining as a fluorescent complex with bone salt, while golgi body activity was demonstrated by transfection with a specific green fluorescent construct (GFP/mannosidase II). In tissue culture golgi body activity and mineralization were both blocked by brefeldin A (an established golgi inhibitor) and restored by forskolin, enabling an association with mineral fabrication to be quantified as changing fluorescence intensity (AU) of GFP or TC markers. Results from osteocytes in situ supported previous descriptions of intracellular electron dense objects (microspheres and nanospheres) in a juxtanuclear pattern, containing Ca, P and transitory Si, in a spectrum recapitulated in the calcifying culture after 10 days, when GFP fluorophore surged from 71.7 ± 1.4SD to 133.7 ± 2.7SD AU by 14 days (p < 0.0001). At this stage TC fluorophore mean intensity was 23.8 ± 3.7SD AU (14 days) rising to 45.0 ± 5.1SD AU by 17 days, compared to its stationary 21.7 ± 3.6SD when treated 3 days previously with BFA golgi inhibitor (p < 0.0001), until forskolin reversal. It was concluded from the changing juxtanuclear morphology, Si mineralization mediation and the variably controlled activity versus stasis that the inorganic phase of bone is a complex golgi-directed fabrication with implications for bone matrix biology and evolution.
Introduction
In examining events at the calcification front of bone it has been long recognized that the first-formed (i.e. nascent) bone mineral is soluble, readily transformed by exposure to chemicals and is easily lost during processing, resulting in a diversity of views in the literature about whether the mineralization process commences extracellularly or intracellularly. High velocity impact (slam) freezing is an instantaneous cryo-preparative technique considered to conserve tissue chemistry optimally in small bone specimens which risk losing some of their nascent bone mineral with more prolonged processing [1] [2] . The developing calvarium of the young mouse is a particularly useful model for examining osteocytes in situ because it is optically thin enabling 3-dimensional imaging without disturbance and requiring minimal preparation which is ideal for slam freezing [3] . At the same time, there is a bone forming cell line MC3T3E1 derived from newborn mouse calvaria [4] that displays histochemical and biochemical characteristics of bone synthesis and develops a network of dendritic processes that culminate in the calcification of an extracellular matrix in vitro when supplemented with organic phosphate [5] (see also [6] ).
It has been previously reported histochemically [7] [8] that there may be a relationship between juxtanuclear body (golgi apparatus viewed optically) activity, with expansion of its reticular area, and calcium phosphate production. This is especially evident when tetracycline (TC), which has a long history in association with bone mineralisation as a tissue time marker, is used as a mineral stain with which it forms a fluorescent complex [9] . Intracellularly this is coincident with the juxtanuclear body. Evidence concerning TC as a marker of mineralisation [10] [11] has indicated that the binding is not a simple chelation of TC with calcium but is a stable complex with bone salt. Its apparent affinity for the calcification front and adjacent cell juxtanuclear bodies was therefore of special interest. More recently there has been identified within the golgi membrane stack a permanent resident protein, visualised as a green fluorescent protein (GFP)/mannosidase II construct in validated transfection assays and now used widely in biology as a reliable marker of golgi activity [12] .
It is proposed to expand upon the previous static bone histology which used the von Kossa stain for phosphate/carbonate and Kashiwa's GBHA for calcium [13] , to now include TC fluorochrome for bone salt, together with elemental (EDX; energy dispersive X-ray) microanalysis applied quantitatively to bone cell culture dynamics. The aim is firstly, to confirm the optical status of the juxtanuclear body, bone mineral and related X-ray microanalysis in situ in "young" osteocytes of the developing mouse calvarium; secondly, it is to determine the corresponding laser confocal status in vitro using GFP construct and TC fluorochrome as monitors of organellar mineral fabrication. To this end the established biological golgi-inhibitor Brefeldin A (BFA) is used to "switch off" the juxtanuclear body to determine any coincident effect on cell-directed mineralisation, while the agent forskolin is used to restore, i.e. "switch on" activity [14] .
Methods

"Slam" Freezing/EDX Mineral Microanalysis, Structure and Substructure in Situ
Transverse, unstained, ultrathin sections of slam-frozen neonate mouse calvarium (1 -5 days old) were prepared as previously reported in detail [3] by impact of the tissue with a copper block cooled by liquid nitrogen using MM80 freezing apparatus (Leica UK Ltd., Milton Keynes; courtesy of Prof. P. V. Hatton, University of Sheffield) followed by infiltration with Lowicryl K4M with polymerization by ultraviolet irradiation. Sections, 0.25 µm thick (i.e. unusually thick) were examined in a Philips CM10 electron microscope and EDX microanalysis of electron dense objects performed at the immature calcification front and in the more mature bone regions. Intact young mouse calvarium was also histochemically stained with von Kossa's silver stain (for phosphate/carbonate) and Kashiwa's GBHA stain (for calcium) as previously reported [15] [16] for optical comparison of the substructural detail.
Laser Confocal GFP Golgi Marker of Activity in Vitro
MC3T3-E1 cells (from neonate murine calvarium; a gift from Dr. P. Genever, University of York) were seeded (density 5 × 10 4 /mL) onto acetate coverslips, placed in a welled plastic plate and grown for 6 -7 days in α-MEM (minimum essential medium) containing 10% FCS (foetal calf serum), penicillin (100 units/mL) and streptomycin (100 µg/mL), together with supplement (5 mM β-glycerophosphate and 25 µg/mL ascorbic acid phosphate [5] [6] in a humidified atmosphere (5% CO 2 and 95% air at 37˚C). Cells were transfected for a final 24 hours with (GFP)/mannosidase II construct (a gift of Dr. K. Zaal supplied by Dr. M. Peckham, University of Leeds) using FuGENE 6 TM (Roche) transfection reagent, followed by fixation in 2% paraformaldehyde, pH 7. Control cells, not transfected were rinsed in deionized water and stained with the nuclear fluorophore TOPRO-3. After mounting in Antifade reagent (Molecular Probes, UK) they were examined under a Zeiss LSM 510 META laser scanning confocal microscope (GFP, excitation laser 488 nm, emission filters to collect 509 nm wavelength; TOPRO-3, excitation laser 633 nm, emission filters for 661 nm). GFP fluorescence quantification was performed using the Imaris 4.1 (Bitplane) programme.
Laser Confocal TC Marker of Mineral-Related Activity in Vitro
MC3T3-E1 cells were seeded as above, fixed, rinsed and stained in tetracycline hydrochloride (10 µg/mL) for 30 min and examined under the laser confocal microscope (excitation laser 360 nm ± 40, emission filters to collect 528 nm ± 38). TC fluorescence quantification was performed using the Imaris 4.1 (Bitplane) programme.
Laser Confocal Brefeldin Golgi "Switch off" and Forskolin Reversal for Mineral
Fabrication in Vitro MC3T3-E1 cells were cultured in flasks containing α-MEM and 10% foetal calf serum (FCS), with penicillin, streptomycin and calcifying supplement in a humidified atmosphere as above. At 3 days prior to analysis the cells were rinsed in calcium/magnesium-free phosphate buffered saline (PBS) and sub-cultured using 0.05% trypsin to cause cell detachment. As a BFA toxicity assay, cells were seeded on acetate coverslips as above and grown for 14 days when BFA (10 nM) was added followed by cell growth for 3 -4 more days before sampling for confocal microscopy. [Experimentation at higher BFA doses (200, 100 and 50 nM) compared with untreated controls resulted in cell death at approximately 4, 12 and 36 hr respectively]. Subsequent supplementation with forskolin (100 µM for 30 min, 1, 2 and 3 hours respectively) in the continued presence of BFA followed. Also included was a test for apoptosis by adding propidium iodide (1 µl/5mL) to cultures for the remaining 20 min of the investigation (excitation laser 536 nm, emission filters for 620 nm). TC and GFP fluorescence quantification was performed throughout using the Imaris 4.1 (Bitplane) programme above. The statistical analysis of the data as two sample t-tests and ANOVA was performed using Minitab Version 14 and Genesis software.
Results
"Slam" Freezing/EDX Mineral Microanalysis, Structure and Substructure in Situ
Electron dense calcified objects (Figure 1 ) in the calvarial sections and also visible under the optical microscope in whole mounts ranged from 30 -50 nm dense bodies to 5 nm nanoparticles assembled within filamentous clusters up to 1 µm in diameter, found within the "young" osteocyte and outside the cell (Figure 2) , as previously reported [3] . Elemental mapping of the spherical intracellular objects supported the presence of calcium and phosphorus, and also a transitory silicon peak which was not found in more mature regions of the matrix. It apparently related to the initiation and modulation of the bone salt inside the "young" osteocyte, demonstrated in the juxtanuclear region optically (Figure 1(a) , showing the von Kossa stain for phosphate/carbonate in combination with the GBHA calcium stain of Kashiwa (1970) and ultrastructurally Figure 1 (b)), in both sections and in whole mounts of the optically thin calvaria at this neonatal stage of development.
Laser Confocal GFP Construct Golgi Marker of Activity in Vitro
MC3T3-E1 cultured control cells had well-defined nuclei with many nucleoli as shown by TOPRO-3 stain and those transfected with GFP/mannosidase II construct showed fluorescence located in the juxtanuclear region (Figure 3) . Inspection of supplemented cultures at intervals of 7 to 14 days showed a progressive time-dependent golgi fluorophore mean intensity to a maximum at 14 days (Figure 4) , increasing from 34.6 ± 1.4SD AU (arbitrary units) to 133.7 ± 2.7SD AU ( Table 1 ; differences between groups examined for significance by analysis of variance ANOVA p < 0.0001).
Laser Confocal TC Marker of Mineral-Related Activity in Vitro
Cell-free control incubation of the supplemented medium showed no sign of mineral deposition, neither did cell Table 1 . Cultured bone cell (MC3T3-E) mean fluorescence intensity of GFP mannosidase II construct for golgi complex activity and of TC (tetracycline) for bone salt fabrication in 6 assays (n = 6) after 7, 9 and 14 days showing the time-related fluorochrome surge in both. A specific TC filter removes the autofluorescence component (13.5 AU) and columns in brackets were below the 13.5 threshold until after 9 days when previous engagement in collagen precursor synthesis switches to mineral fabrication. Laser confocal microscopy (AU arbitrary units). (ANOVA p < 0.0001). mented cultures at intervals of 7 to 10 days showed an initial shape transformation from fusiform to cuboidal had taken place with continued negativity for TC-mineral binding. It was not until 10 days had elapsed when cell elongation to ovoid and stellate was recorded (Figure 3 ) and by 14 days was coincident with a mean fluorescence intensity of 25.4 ± 6.2SD AU ( Table 1) . This derived from localised fluorescence observed in the juxtanuclear region (Figure 4) and with a paler extracellular fluorescence detected above the background autofluorescence, which suggested a sequence of events that was also followed by time-lapse microscopy as the passage of individual particles from cell interior to the exterior ( Figure 5 ) and with an EDX spectrum characteristic of the calcification front in situ, including not only Ca and P but also Si (Figure 6 ).
Laser Confocal Brefeldin and Forskolin Golgi "Switches" for Mineral Fabrication in Vitro
MCT3TC-E1 cultured control cells exposed to BFA at 14 days was followed by the retraction of cytoplasmic processes during the subsequent 3 days, while the nuclei and nucleoli remained well defined and the propidium iodide stain for apoptosis was negative. However, more prolonged exposure beyond a further 4 days was associated with the appearance of features consistent with programmed cell death i.e. pyknotic nuclei and positive staining with propidium bromide for apoptosis. Observations were therefore confined to the 3 day window i.e. inspection of supplemented cultures at 17 days. At this stage, untreated cells stained intracellularly for mineral with von Kossa stain, with some extracellular stained particles bordering the cells which showed an increase in cell processes and a general confluence. At the same time histochemically stained juxtanuclear bodies were a prominent feature. In contrast, cells exposed continuously to brefeldin after 14 days optimal culture showed retraction of their processes, shrinkage and fragmentation of the juxtanuclear body and fewer mineral particles equivalent only to those present at 14 days, suggesting the arrest of mineral fabrication coincident with the BFA golgi "switch off." To enable quantification of these subjective observations TC stain was applied to untreated and BFA-treated cells cultured optimally to 14 days and subsequently exposed to BFA for 3 days as above and the mean fluorescence intensity of the TC-mineral complex measured (Figure 7) . A juxtanuclear concentration of fluorescence was supported with a time-dependent increasing intensity to 14 days, which stopped almost immediately in the presence of BFA (21.7 ± 3.6SD AU) compared with untreated controls at 23.8 ± 3.7SD AU which went on to reach 45.0 ± 5.1SD AU, examined for significance (n = 6) by the two sample t-test p < 0.0001 (Figure 8) . The BFA-treated cells were negative for apoptosis with propidium iodide stain indicating cell dormancy and not death. Verification of this with forskolin was indicated when 14 day cultures were treated with BFA for 3 days followed by the golgi "switch on" reversal agent. Within 3 hours there was an extension of the retracted cell processes, juxtanuclear body re-expansion from a shrunken state and a return to normal functioning. (See [17] for further details and references).
Discussion
The absence of mineral particles from incubated cell-free, supplemented medium (β-glycerophosphate and ascorbic acid phosphate) suggests that the production observed was dependent upon the input of biological energy and not confined to physicochemical precipitation from a metastable solution. At the same time, the failure of cells grown without supplement either to fabricate calcified objects or to develop a related prominent golgi complex, implies that β-glycerophosphate/ascorbic phosphate supplement was essential for this particular phe- notype expression. Just as the presence of silicon seems to be a key early intermediary of calcification with phosphate, featuring regularly from mineralizing bacteria [18] and protozoa [17] through to bone, so it is supported as a hallmark of "young" osteocytes at the calcification front in situ and in vitro above, indicating their mineral-related identity. In situ the populations of electron dense objects previously described [3] as calcified microspheres (about 1 µm in diameter) and nanosphere precursors (30 -50 nm) are frequently to be seen assembled in a predictable juxtanuclear pattern evident optically and ultrastructurally (shown in Figure 1(b) without the benefit of the usual TEM membrane stains which risk transforming or eluting the earliest mineral deposits). There follows dispersal through the cytoplasm and processes (sometimes evident in terminal protruberances; see also [19] ) to the exterior calcification front where they aggregate as filamentous (5 nm wide) clusters described in ultrastructural detail elsewhere [20] - [22] . As an established bone salt fluorochrome, TC has been used extensively for a tissue time marker because of its special affinity for the calcification front. At the same time it has been described as having an apparent similar affinity for the juxtanuclear body, which can vary in size from a small, compact and discrete ovoid feature to an expansive crescent with cytoplasmic reticulation depending upon the cell cycle of activity stimulated. The evidence suggests a relationship between golgi activity and calcified microsphere/nanosphere juxtanuclear production in "young" murine osteocytes in situ and cultured murine bone cells such that elevated mineral fabrication tagged with TC was synchronised with elevated golgi activity tagged with GFP and was modulated by BFA and forskolin. An optimal window for this mineral cell cycle is evident from about 10 days onwards, prior to which the golgi apparatus produces collagen precursor molecules, and post which it eventually enters a period of quiescence. In vivo this will last until stimulation by humoral or physical signals translated through the matrix.
By 35 days of optimal culture, nodular accretions about 10 microns in diameter resembled those described [5] as woven bone, positive for osteocalcin [23] . In situ there is a clear spatial separation between the superficial rows of cuboidal osteoblasts with well developed juxtanuclear bodies engaged in osteoid tissue formation for about ten days, and the "young" stellate osteocytes recently matrix-encapsulated with their golgi bodies progressively "switched off" for the organic components and "switched on" for the inorganic. However, in the sheets of contiguous cultured cells the modulation from one activity to another is less clear, even though at some stages the cells tend to be fusiform (early, i.e. fibroblast-like), at another they may be cuboidal (medium, i.e. osteoblast-like) and at another stellate (late; i.e. osteocyte-like). It may be no coincidence that although the bone cells are maintained in an in vitro state, their product before 9 days was apparently collagen alone, with mineral production engaged only after a period of 10 days had elapsed, i.e. these isolated bone cells may be responding to a stable inorganic biological clock as seems manifest in vivo. The cell cultures grown for 49 days with supplementation were the most calcified and the mineral phase could be separated by hydrazine hydrate organic digestion, when numerous micron-sized microspheres were isolated, singly and in chains. EDX confirmed the presence of calcium and phosphate (molar Ca:P ratio 1.01) and a pronounced Si peak [17] . Such mineral particles are not pure precipitates but have an integral organic component (for example, osteopontin, bone sialoprotein, osteocalcin; [24] [25] ) that places the physical chemistry into compartments and envelopes, enabling biological control of natural physicochemical mineral growth [26] .
Green fluorescent protein (GFP) is a natural jellyfish bioluminescent where it functions as an energy-transfer acceptor changing blue light emitting photoprotein aequorin into green and its use as a golgi marker in live cells is well established [27] . The description by Camillo Golgi in 1898 of an "internal reticular apparatus" in neurons based on apparently capricious heavy metal staining was given little consideration until its confirmation was enabled by the technological leap of electron microscopy and its role in intracellular trafficking and macromolecular assembly was established together with its close association with the rough endoplasmic reticulum. The drug brefeldin A blocks this exchange by specifically disrupting and dismantling the golgi apparatus and its secretory pathway with changes taking place within minutes. BFA is a fungal metabolite initially characterised as an antiviral antibiotic [28] and is now established as an essential tool in the lexicon of cell biology ( [29] for review). Used in combination with forskolin the two provide the valuable mechanism of "on/off switches" to facilitate the examination of itinerant, golgi-derived structures.
In summary there is now available a bone biomineralization system that is apparently responsive to the BFA golgi apparatus "on/off" switch and three main conclusions can be drawn from the results. First, there are close similarities between the mouse cells in situ in the developing calvarium and those maintained in vitro in terms of intracellular and extracellular calcified particles, their elemental spectra including a significant Si peak [18] and their intermittent juxtanuclear affinity. Second, the histochemically identified juxtanuclear mineral, including TC fluorescence is morphologically, temporaly and spatially coincident with the fluorescence of a specific GFP golgi construct and enables intensity monitoring with time. Third, BFA-treatment known to induce golgi dormancy, is dynamically coincident with the reversible suspension of mineral fabrication, and seems more consistent with a direct golgi apparatus dependency than an indirect association. Thus, while physicochemical precipitation processes are a part of the bone mineral event, the regular assembly of calcified objects in the golgi body ensures their organic containment and their individual and independent inorganic character and size limitation for optimal function. Just as the modulating bone cell in vivo switches from osteoid synthesis after about ten days to mineral fabrication at the calcification front (as measured by tetracycline double labelling), so the golgi complex is reprogrammed and reorganized in vitro after about 9 days. Such golgi apparatus change is reminiscent of events established in skeletal muscle differentiation [30] . All this, combined with a propensity to respond in a directed rather than a random manner to external signals, is perhaps originally derived from the competitive advantage of calcification with phosphate acquired by the early protozoa for example, [31] [32] thereby founding a calcium phosphate pathway common to all mammalian cells to a greater or lesser degree. Any biomechanical and clinical implications arising from this biology may need to be defined in terms of the performance of the golgi apparatus.
